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Q\ I The 1 < z < 2 redshift window hosts the peak of the star formation and 

I I metal production rates. Studies of the metal content of the star forming galaxies 

I at these epochs are however sparse. We report VLT-ISAAC near-infrared spec- 

ly-^ I troscopy for a sample of five [OII]-selected, Mb,ab ^ —21.5, z ~ 1.4 galaxies, 

^ I by which we measured H/3 and [O III] A 5007 emission line fluxes from J-band 

spectra, and Ha line fluxes plus upper limits for [N II] A 6584 fluxes from H-band 
spectra. The 2; ~ 1.4 galaxies are characterized by the high [OIII]/[OII] line ra- 
tios, low extinction and low metallicity that are typical of lower luminosity CADIS 
Ph| galaxies at 0.4 < z < 0.7, and of more luminous Lyman Break Galaxies at 2; ~ 3, 

O ' but not seen in CFRS galaxies at 0.4 < 2 < 0.9. This type of spectrum (e.g., 

I high [QUI] A 5007/ [Oil] A 3727) is seen in progressively more luminous galaxies 

' as the redshift increases. These spectra are caused by a combination of high ioni- 

' sation parameter q and lower [0/H]. Pegase2 chemical evolution models are used 

^ ' to relate the observed metallicities and luminosities of 2; ~ 1.4 galaxies to galaxy 

■ samples at lower and higher redshift. Not surpringsingly, we see a relationship 

between redshift and inferred chemical age. We suppose that the metal-enriched 
reservoirs of star forming gas that we are probing at intermediate redshifts are 
being mostly consumed to build up both the disk and the bulge components 
of spiral galaxies. Finally, our analysis of the metallicity-luminosity relation at 
< 2; < 1.5 suggests that the period of rapid chemical evolution may take place 
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progressively in lower mass systems as the universe ages. These results are con- 
sistent with a "downsizing" type picture in the sense that particular signatures 
(e.g., high [OIII]/[OII] or low [0/H]) are seen in progressively more luminous 
(massive) systems at higher redshifts. 

Subject headings: galaxies: abundances, galaxies: evolution, galaxies: high 
redshift 



1. Introduction 

Gas metallicities are a particularly important diagnostic of galaxy evolution: at any 
given epoch, in any given galaxy population, they trace the amount of metals which have 
been produced and assembled by its previous stellar generations, as well as the metals which 
will be locked in its future generations of stars. 

Efforts to determine the gas metallicity of star forming galaxies as a function of cosmic 
time have returned oxygen ([0/H]) gas metallicities for relatively large sample of galaxies 
up to 2; ~ 1 and a handful above z ^ 2 (CaroUo and Lilly 2001, hereafter Paper I; Lilly et al. 
2003, hereafter Paper II; Kobulnicky et al. 2003; Maier et al. 2004; Pettini et al. 2002; Maier 
et al. 2005, hereafter Paper III). Most of these studies have rehed on rest- frame optical 
lines, and in particular on the R23 = ([Oil] A 3727+ [O III] AA 4959, 5007) /H/3 metallicity 
indicator (Pagel et al. 1979). While relatively easy to measure, R23 is however degenerate 
with metallicity (as low values of R23 may correspond to very low or high metallicities), and 
affected by dust extinction. Both problems are solved if the Ha and [N 11] A 6584 line fluxes 
are also available, since the Ha/H/? line ratio provides an estimate for the dust extinction, 
and the [Nil] A6584/Ha line ratio breaks the degeneracy in R23. 

The reason for which most quoted studies have not used the Ho; and [N II] A 6584 
lines is a practical one. For z > 0.5 these two lines are shifted in the near-infrared (NIR), 
and are thus much more challenging to measure than the lines which appear within the 
optical window. Nonetheless, these two lines turn out to be important to the study of 
galaxy properties at high-z. In Paper III we used VLT-ISAAC and Keck-NIRSPEC NIR 
spectroscopy to measure Ha and [N II] A 6584 emission line fluxes - and thus individual 
extinction values and rehable metaUicities - for 30 0.47 < z < 0.92 galaxies extracted from 
the Canada Prance Redshift Survey (Lilly et al. 1995a, CFRS). We measured a large ~ 3 mag 
scatter in extinction values for the CFRS galaxies, which demonstrated the importance of 
individual extinction corrections in order to avoid errors in the determination of star forming 
rates and metallicities of high z galaxies. 
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The next step is to extend a similar study of the star forming gas metallicity to galaxies 
at higher redshifts. The rather unexplored 1 < z < 2 redshift regime is one of particular 
importance in the history of the universe: there, the star formation and metal production 
rates for the universe as a whole, as measured by the the integrated luminosity density in the 
ultraviolet and far- infrared, appear to peak, i.e., are a factor of about 6 higher relative to the 
local value (see, e.g., Lilly et al. 1996; Madau et al. 1996; Chary & Elbaz 2001; Somerville 
et al. 2001; Perez-Gonzalez et al. 2005). Furthermore, this is the redshift regime where 
the galaxy population clearly undergoes a transition in properties: it is beyond z ~ 1 that 
luminous ultraviolet star-forming galaxies with "unobscured" star-formation rates (SFRs) 
M > 10 Mgyr"^, e.g., galaxies with L[oii]3727 > 10^^ erg s~^ (Cowie et al. 1995), appear in 
optically-selected galaxy samples. Such galaxies are not detected below z ~ 0.8 — 1.0 (see, 
e.g., Cowie et al. 1995). 

Due to the paucity in observable windows of spectral diagnostics for galaxies in the 
1 < z < 2 redshift range, the gas metallicities (and more generally the physical properties) of 
1 < z < 2 galaxies are still mostly unconstrained. Luckily, for the specific redshift 2 ~ 1.4, 
all five emission lines which arc key to determine the gas metallicity and the extinction, 
i.e., [Oil] A 3727, HjS, [O III] A 5007, Ha, and [Nil], are all observable within several (near- 
infrared) atmospheric windows (there is also another such window at z ^ 2.3). At the 
extreme redshift hmit of ground-based optical surveys [O II] A 3727 can be detected up to 
2; ~ 1.5 in the 9200 A atmospheric window, e.g. in the CFRS survey. Furthermore, other 
surveys have exploited exphcitly the 9200 A atmospheric window: the CADIS survey (see 
e.g., Maier 2002) and other searches for z ~ 6.6 Lyman a emitters (Crampton & Lilly 1999; 
Tran et al. 2004) have produced, as foreground interlopers, several [O II] A 3727-selected 
z ~ 1.4 galaxies. The z ~ 1.4 epoch lies roughly midway in cosmic time between the 
0.5 < 2; < 1.0 redshift range probed, e.g., by the CADIS (Maier et al. 2004) and CFRS 
galaxies (Paper III), and the z ^ 3 epoch characterized by the LBGs (for a handful of which 
oxygen abundances have been measured by Pettini ct al. 2001). 

In this paper we present oxygen gas abundances for a sample of five galaxies at 
z ~ 1.4 selected by their [Oil] A 3727 emission. The paper is structured as follows: In 
Sect. 2 we describe the VLT-ISAAC observations of our sample galaxies, and present the 
lower redshift samples that we use for comparison in our discussion. In Sect. 3 we present 
the derived emission line fluxes, metallicities and extinction values derived (as in Paper III) 
using a representation of the Kewley & Dopita (2002, hereafter KD02) models. In Sect. 4 we 
present a grid of Pegase2 chemical evolution models, and discuss those which are compatible 
with the observations. We then compare our metallicity measurements at ^ ~ 1.4 with similar 
measurements at other redshifts, and with the Pegase2 models, and discuss the picture for 
the chemical evolution of galaxies that emerges from our study. Finally, in Sect. 5 we 
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present our conclusions. A concordance-cosmology with Hq = 70 km s~^ Mpc~^, = 0.3, 
Qa = 0.7 is used throughout this paper. Our measurements of [0/H] do not depend on the 
solar [0/H]. However, when linking the oxygen abundance with the metallicity calculated 
in Pegase2 models we use the solar value 12 + log(0/H) = 8.87 from Grevesse et al. (1996). 
Note that metallicity and abundance will be taken to denote oxygen abundance throughout 
this paper, unless otherwise specified. 

2. The data 

2.1. Sample, observations and data reduction 

The sample galaxies were selected as [OH] A 3727- emitters at 2; ~ 1.4 from three 
sources: the CADIS survey (see, e.g., Maier 2002; Maier et al. 2003), the CFRS survey (Lilly 
et al. 1995b), and from unpubhshed analysis of CFHT emission line searches in the CFRS 
22h field (Crampton & Lilly 1999; Tran et al. 2004). The [Oil] A 3727 hnes of the CADIS 
galaxies were measured using a Fabry-Perot interferometer at about 9200A (for details, see 
Hippelein et al. 2003; Maier et al. 2003). The CFHT survey was undertaken combining 
multiple parallel long slits with a narrowband filter to search for z ~ 6.6 Lyman a emitters 
in the 9200 A atmospheric window (for details see Crampton & Lilly 1999; Tran et al. 2004). 
These CFHT [0 11] A 3727 -selected galaxies are located in the CFRS 22h field (Lilly et al. 
1995b). 

The total sample of z ~ 1.4 galaxies contains five objects, two from the CADIS, 
one from the CFRS survey, and two from the CFHT multislit+narrowband filter survey. 
For all galaxies we obtained VLT-ISAAC spectra in the J band, to measure the H/3 and 
[O III] A 5007 fluxes, and in the H-band, to measure Ha and (upper limits to the) [Nil] 
fluxes. We also acquired H- and J-band imaging in order to test the relative calibration of 
the emission line fluxes, as described in Paper III. Fragmentary near-infrared spectroscopy 
data were obtained for three additional objects, and we will report these elsewhere if we 
made up the remaining flux measurements. 

The observations were carried out at the VLT in visitor mode in October 2004 
(Program 074.B-0122A) using a sht of 2" width and 120" length. The spectra cover a range 
of 79 nm in the H band, and 59 nm in the J band. The individual integration times and 
the standard stars used for the fiux calibration are given in Table 1. The data reduction 
was done using IRAF as described in detail in Paper 111 for similar ISAAC spectroscopic 
observations of CFRS galaxies at medium rcdshift. The resulting spectra of the five z ~ 1.4 
galaxies are shown in Figure 1 . For easy reference we use throughout this paper the galaxy 
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identification codes adopted in the previous quoted literature. 

In the good seeing conditions for the ISAAC observations (see Table 1), the 2" 
ISAAC slit approximates a total flux measurement. It is well matched to the 1".75 width of 
the CFRS observations for CFRS-221153 (Le Fevre et al. 1995) and to the 2" width of the 
slit used for the observations of LTBC-18A and LTBC-18B (Crampton & Lilly 1999; Tran 
et al. 2004). The [Oil] A 3727 measurements for the two CADIS objects were made with an 
imaging Fabry-Perot interferometer (see, e.g., Maier et al. 2003) and thus the measured flux 
should be "total". In Paper III we were able to check directly the relative flux calibration of 
optical and near-infrared spectra, under similar observational set-ups, and concluded that 
there was no evidence of problems. One possible concern with the present data is that the 
slits used by Crampton & Lilly (1999) may not have been accurately centered on the two 
LTBC objects, conceivably leading to an underestimate of the [O II] A 3727 flux for these 
particular objects. However, these two objects have similar emission line ratios to the other 
z lA galaxies and slit mis-centering is not believed to be a problem. 



2.2. Comparison samples 

In this paper we compare our new z ~ 1.4 metallicities data with the properties of 30 
CFRS galaxies at 0.47 < z < 0.92 from Paper III, and with 17 lower luminous OA < z < 0.7 
CADIS galaxies from Maier et al. (2004). Although only few of the OA < z < 0.7 CADIS 

galaxies have flve emission lines observed, Maier et al. (2004) showed that it is likely that 
all 17 CADIS galaxies have low extinction, so we used the case B intensity ratio of Ha to 
H/9 of 2.86 when running our program to determine metallicities based on the KD02 models. 
As nearby comparison samples we adopted, as in Paper HI, 70 z < 0.095 KISS galaxies of 
Melbourne & Salzer (2002), and 108 NFGS z < 0.04 galaxies of Jansen et al. (2000), with 
all [OH] A 3727, Rp, [O HI] A 5007, Ha, and [Nil] line fluxes measured. 

After careful analysis, we opted for not using, in our analysis of the metallicities, 
the following samples of galaxies with published oxygen metallicities: the 64 0.26 < z < 
0.82 galaxies of Kobulnicky et al. (2003), the 177 0.3 < z < 1 galaxies of Kobulnicky & 
Kewley (2004), the 25 OA < z < 0.9 galaxies of Liang et al. (2004), and the 7 galaxies at 
2.1 < 2; < 2.5 of Shapley et al. (2004). In fact, from all these samples, only a handful of 
low redshift (typically 2; ^ 0.5) objects had Ha and [Nil] A 6584 measurements, which are 
important to break the R23 degeneracy with metallicity. In detail, 9/66 galaxies at 0.26 < 
z < 0.82 with measured equivalent widths from Kobulnicky et al. (2003) have measured 
[Nil] A6584/Ha (all at z < OA); 32/177 galaxies at 0.3 < z < 1 with measured equivalent 
widths from Kobulnicky & Kewley (2004) have measured [Nil] A6584/Ha (all at z < 0.5); 
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and 4/25 galaxies at OA < z < 0.9 from Liang et al. (2004) have [Nil] A6584/Hq; measured. 
Furthermore, several of the mentioned studies performed no dust extinction correction. This, 
as we showed in Paper III, can significantly affect the analysis. Finally, the 2.1 < z < 
2.5 galaxies of Shapley ct al. (2004) had oxygen abundances determined using only the 
[Nil] A6584/IIa ratio; these, as already discussed by Shapley et al. (2004) and in Paper III, 
are on their own rather uncertain (see also van Dokkum et al. 2005). We do not think 
that excluding these samples from our discussion would significantly change our conclusions. 
Moreover, as discussed below, using the CADIS and CFRS comparison samples has several 
advantages. 



2.2.1. Advantages of the CADIS and CFRS comparison samples 

The choice of the CADIS and CFRS samples for comparison with our new set of metal- 
licities for galaxies at 2; ~ 1.4 has two main advantages: 

i) As stressed by Salzer et al. (2005), the details of any specific calibration of line 
fluxes and ratios into mctallicity has a significant impact on the metallicity measurements 
and the resulting luminosity- metallicity relation. It is thus important that, when comparing 
different samples of galaxies, identical methods and calibrations are adopted for all samples 
(see also EUison & Kewley 2005). For all the galaxies of the adopted comparison samples we 
had access to the emission line fluxes measurements and derived [0/H] metallicities using 
the same approach that wc used for calculating the metallicities of the 2; ~ 1.4 galaxies (see 
Section 3.2, and Paper III for details on the method). 

ii) Another important requirement for performing a proper comparison of the 
metallicity-luminosity relation between low- and high-z samples of galaxies is the availability 
of properly derived rest-frame luminosities for the distant galaxies. As also stressed by Salzer 
et al. (2005), one should flt the full SEDs over a large wavelength range in order to obtain 
reliable rest-frame luminosities for the z > galaxies. Wc have available multi-wavelength 
imaging for the z ~ 1.4 galaxies presented in this paper, as well as for the CFRS galaxies 
of Paper III (see Table 1 of Paper III), and the CADIS objects where 16 fllters were used to 
derive the SED (see Hippclein et al. 2003; Maier et al. 2004). Reliable rest- frame luminosities 
could therefore be obtained for all the galaxies in these samples. 
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2.2.2. Selection effects in the CADIS and CFRS samples 

The CADIS and CFRS galaxies at 0.4 < z <1 have different selection criteria, but, 
excluding a few objects, we can get a useful comparison sample, as shown in the following. 
The CFRS galaxies are selected to have Iab < 22.5, and a rest frame equivalent width of 
H/3, EWo{B.(3), larger than 8 A, as described in Paper II. On the other hand, the CADIS 
galaxies were selected based on their [O III] A 5007 emission detected using a Fabry- Perot- 
Interferometer (Fiim = 3 • lO^^'^Wm"^), regardless of their continuum brightness. Thus, 
CADIS can detect lower luminosity galaxies at a given z. 

Fig. 2 shows the distribution of EWs at restframe wavelength of 2; ~ 1.4, CADIS and 
CFRS galaxies as a function of blue absolute magnitude. The distribution of EWs of the 
CADIS galaxies is broadly consistent with the EW distribution of CFRS and 2; ~ 1.4 galaxies 
(and this holds also for the larger CADIS sample as shown in Fig. 4 in Hippelein et al. 2003), 
except for three CADIS objects at 2; ~ 0.4 (open circles) which have a particular high EW. 
These are the only galaxies without VLT spectroscopic follow-up reported by Maier et al. 
(2004), galaxies with high enough fluxes that their oxygen abundance could be obtained 
using spectroscopy with the 3.6-m Telescopio Nazionale Galileo (TNG). We will exclude 
these three objects from the CADIS comparison sample in the following. 

Summarizing the above, despite the different selection criteria, the Mb^ab < —21.5 
z - 1.4 galaxies, the Mb,ab < -19.5 CFRS, and the -17.5 > Mb,ab > -19.5 CADIS 
sample follow a similar EW-Mb,ab distribution (after excluding the three objects mentioned 
above) suggesting that they are not completely different species and that the CADIS-I-CFRS 
sample is a useful comparison sample for the 2; ~ 1.4 galaxies. It is not perfect, but it is the 
best we can do at the present time. The CADIS objects were [OIII] selected, whereas the 
CFRS is effectively H/3 selected (see Paper II). It should be appreciated that CADIS will be 
slightly biased towards high [OIII] /[Oil] (and low [0/H]), inferred from the fact that there 
is a correlation within the CFRS sample between L^qiii] ^-nd [OIII]/[OII]) L^qiii] and 
[0/H]. There is no such correlation with L^qii], indicating that there should not be similar 
biases in the z ~ 1.4 [O II] A 3727 selected sample. 

3. The measurements 

3.1. Emission line fluxes 

Emission line fluxes were measured from the calibrated spectra following the procedure 
described in Paper III. Table 2 reports, for each individual galaxy, the emission line fluxes 
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(or upper limits) of the five observed galaxies. Specifically: 

(i) The [Nil] A 6584 hne was too faint to be detected. However, we could determine 
upper hmits to the [Nil] A 6584 flux for all five 2; ~ 1.4 galaxies, which are good enough to 
check for contamination by AGNs and to break the degeneracy of the R23 relation. Table 2 
lists the 2(7 upper limits. 

(a) For four of the 2; ~ 1.4 galaxies we were able to measure fluxes for all three 
hues of H/3, [O III] A 5007, and Ha. The fluxes and flux errors were measured as described in 
Paper HI. We have not apphed any corection for stellar absorption to the H/3 hne, because 
this line has an observed equivalent width larger than 50A for the four z ~ 1.4 galaxies. 
Like in Paper HI, we assumed a minimum 10% for the uncertainties of the measured fluxes 
when computing oxygen abundances using the KD02 models (see Table 2) . 

(in) For the galaxy CADIS-Olh-11134 the H/3 hne coincides with a strong OH line, 
so we were not able to measure the H/3 line flux. However, we could measure [O II] A 3727, 
[O III] A 5007, Ha, and an upper limit for [Nil] A 6584 for this galaxy. We calculated the 
H/5 flux for the galaxy CADIS-01hlll34 using case B recombination and assuming a low 
Ay = 0.5 (similar to the extinction values found for the other four z ~ 1.4 galaxies), and 
we used this value when calculating the oxygen abundance of this galaxy using the models 
of KD02 (see Section 3.2). This results in a value of Av = 0.3912:39, which is completely 
consistent with the input value. This makes the point that Ay is not solely determined by 
Hq;/H/3, but also has a small contribution from the other line ratios. 

3.2. Gas metallicities, SFRs and extinction parameters 

The approach described in Paper III was used to derive [0/H] and the extinction 
values Ay for the five 2; ~ 1.4 galaxies. Briefly, the approach is based on the models of 
KD02, who developed a set of ionisation parameter and oxygen abundance diagnostics based 
on the use of strong rest-frame optical emission lines. The method consists in performing a 
simultaneous fit to all available emission line fluxes (including the [N II] A 6584 upper limits) 
in terms of extinction parameter Ay, ionisation parameter q, and [0/H]. 

As in Paper III, before proceeding with determining gas metallicities, we checked 
that the detected line emission is not strongly contaminated by the presence of an AGN. To 
this purpose we used the log([OIII] A5007/H/3) vs. log([NII] A6584/Ha;) diagnostic diagram 
shown in Fig. 3. The location on this diagram of the five z ^ lA galaxies is indicated with 
arrows, given that we only had upper limits for the [Nil] fluxes. The five galaxies lie under 
and to the left of the theoretical curve of Kewley et al. (2001, solid line), which separates 
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star forming galaxies (below/left of the curve) from AGNs (above/right of the curve). In 
none of the five 2; ~ 1.4 galaxies the line emission is therefore dominated by an AGN. 

The gas metallicities we then derived for the 2; ~ 1.4 galaxies are rather low compared 
to lower redshift galaxies of similar luminosities, and also their derived extinction values 
are quite low. We will discuss this finding in the following Sect. 4. The Ha luminosities 

(corrected for extinction) were used to calculate the SFRs of the five z ^ lA galaxies 
using the Kennicutt (1998) conversion of Ha luminosity into M: SFR(MQyr~^) = 7.9 x 
10^^^L(Ha)ergs/s. The resulting SFRs are given in Table 2. Note that alternative (but less 
probable) oxygen abundance solutions arc found for two z ~ 1.4 galaxies, and we will indicate 
them as open squares wherever [0/H] is plotted. These alternative (but less probable) oxygen 
abundances found using the method described in Section 3.3 of Paper HI are [O/H]=8.021q 
for object LTBC-18A, and [0/H]=8.34l^:i^ for object CADIS-23h-3487. 



4. Discussion 

4.1. Basic observational result 

Our basic observational result is that the spectra of the 2; ~ 1.4 galaxies, which have 
—21.5 > Mb,ab ^ —23 have the line ratios and derived parameters (metallicity, extinction, 
ionisation parameter) that are found in much lower luminosity galaxies at lower redshifts. 
Specifically, they are similar to what is found in the 0.4 < 2; < 0.7 CADIS galaxies {Mb,ab > 
—19.5), and noticably different from the general properties of the more luminous (—19.5 > 
Mb,ab > -22) CFRS galaxies at 0.47 < z < 0.92 (see Paper HI). 

We look first at the simple line ratios. Fig. 4 shows the location of the five z ^ 
1.4 galaxies on the diagnostic diagram [O HI] A 5007/ [O II] A 3727 (extinction corrected) 
vs. [O HI] A 5007/H/3. The lower luminosity 0.4 < z < 0.7 CADIS galaxies, the brighter 
0.47 < z < 0.92 CFRS galaxies, and the more luminous ^ ~ 3 LBGs are also plotted 
for comparison. In contrast with the bright, intermediate-z CFRS galaxies, which show 
low [O HI] A 5007/ [OH] A 3727 and [O HI] A 5007/H/3 ratios, it should be noted that all the 
z ~ 1.4 galaxies have the high [OIII] A5007/[OII] A3727 and [O HI] A 5007/H/3 line ratios 
which are typical of the lower luminosity intermediate-z CADIS galaxies and of the more lu- 
minous LBGs at higher z. In other words, the appearance of high [OIII] A5007/[OII] A 3727 
ratios moves to brighter luminosities at higher z. 

To illustrate this further. Fig. 5 shows the line ratios [OIII] A 5007/ [OH] A 3727 vs. 
Mb,ab for the five 2; ~ 1.4 galaxies, the CADIS and CFRS sample, the LBGs, and the local 
KISS and NFGS galaxies. It is clear that there is a relation between [O HI] A 5007/[O II] A 3727 
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and Mb,ab for local KISS galaxies, in the sense that lower luminosity galaxies tend to have 
higher [OIII] A 5007/ [Oil] A 3727 ratios. At higher redshifts, a similar trend is seen for the 
combined sample of CADIS and CFRS galaxies at 0.4 < -2 < 0.9, with the relation displaced 
upwards and to the right, i.e. to higher [O III] A 5007/[O II] A 3727 ratios at a given luminosity 
or higher luminosities at a given line ratio. The 2; ~ 1.4 and LBG galaxies at 2; ~ 3 continue 
this trend, uniformly exhibiting the high [OIII] A5007/[OII] A 3727 ratios (i.e. above one). 
While the [OIII] A 5007/ [O II] A 3727 distribution of the [OIII] A 5007 selected CADIS ob- 
jects may be biased (see Section 2.2.2), the z ~ 1.4 galaxies were [Oil] A 3727-selected and 
there is no observational selection against low [OIII] A 5007/ [Oil] A 3727 ratios. 

The tracks of individual galaxies in this diagram arc likely to be diagonal, moving 
down to lower [O III] A 5007/[O II] A 3727 with modest fading. Within the population, the 
evolutionary trend is in the sense that, as we look back in time, galaxies of similar luminosities 
as local galaxies show increasingly higher [O III] A 5007/[O II] A 3727 ratios. We do not know 
at this point about the spectra of low luminosity galaxies at high redshifts. It can be 
nevertheless seen that a given type of spectrum (high [O III] A 5007/ [O II] A 3727) is found 
almost exclusively below a luminosity threshold which is low at zero redshift {Mb,ab ~ 
— 18.5), increases to Mb,ab ~ —20.5 at 2; ~ 0.7, and has evidently increased to above 
Mb,ab ~ —23 at z ~ 1.4. One may interpret these basic trends seen in our data within a 
"downsizing" picture" (Cowie et al. 1996). 

"Down-sizing" as originally introduced by Cowie et al. (1996) defined "forming galaxies" 
as those in which the timcscalc of formation M^/SFR was less than the Hubble time at 
the redshift in question. Cowie et al. (1996) then showed that there existed a threshold 
in mass below which forming galaxies were found and above which they were not found. 
" Down-sizing" then referred to the observational fact that this mass threshold decreases (in 
mass) with cosmic time. This concept has since been generalised to any situation in which 
signatures of "youthfulness" (e.g. irregular morphologies, blue colours, high equivalent width 
emission lines, and, as earlier argued in Paper II, low [0/H]) exhibit a similar mass (or more 
loosely luminosity) threshold which decreases with epoch. 

High [OIII] A5007/[OII] A 3727 ratios arise from a high ionisation parameter q and/or 
low metallicities, as shown, e.g., in KD02, their Fig. 1. This is also illustrated in Fig. 6, which 
shows the oxygen abundance as a function of ionisation parameter for the 0.4 < z < 1.5 
galaxies. It can be seen that the 2; ~ 1.4 galaxies overlap in q and [0/H] the CADIS objects, 
and avoid the area defined by the more luminous CFRS galaxies with lower q and higher 
[0/H]. In the next sections, we explore more directly the implied metallicities of the galaxies 
in our different samples. 
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4.2. The Pegase2 chemical evolution models 

To quantify our results for the chemical evolution of galaxies with cosmic time, we have 
constructed a grid of chemical evolution models using Pegase2 (Fioc & Rocca-Volmerange 
1999). Pegase2 is a user- friendly galaxy evolution code that computes galaxy properties as a 
function of galaxy age, starting from the properties of simple stellar populations (SSPs), i.e. 
populations of stars formed simultaneously with the same metallicity. Metallicities between 
0.005 and 5 times solar are implemented in the code. The input parameters for Pegase2 are: 

(i) V3(M), i.e., the shape of the stellar initial mass function (IMF). We adopted a Salpeter 
IMF, with a = -2.35 between 0.1 and 120 Mq. 

(a) Y, i.e., the chemical yields from nucleosynthesis. We used Woosley & Weaver (1995) 
B-series models for massive stars. 

(in) Mtot, i.e., the total mass of gas available to form the galaxy. 

(iv) tinfaii, i-e., the timescale on which the galaxy is assembled. The model assumes that 
galaxies are built by continuous infall of primordial (zero metallicity) gas with an infall rate 
that declines exponentially as: 

M{t) = {Mtot ■ e-'/''-f'^^^)/Unfaii. (1) 
The total mass of the galaxy at a given time t is then given by: 

M{t) = Mtot ■ (1 - e-*/**"/»")- (2) 

(v) iplSFR), i.e., the functional form of the star formation rate. We adopted a star formation 
rate of the form: 

m = Mgas{t)-P2-e-'/'^/h, (3) 

where p2 ■ e~*/*i/ii respresents a kind of star formation "efficiency", in the sense that it is 
SFR{t)/Mgas{t). The mass of the gas in the model galaxy at a time t, Mgas{t), is equal 
M{t) — M^{t), where M^{t) is the mass locked up into stars at the time t. Models with 
tinfaii > ti are not very likely, since the star formation effectively ceases, even though gas is 
still infalling. We therefore restricted our grid to models with tinfaii < ^i- 

(vi) Ay, i.e., the extinction due to dust. The "inclination- averaged" extinction prescription 
that is implemented in Pegase2 was included in the construction of our models. 
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To summarize, the set of Pegase2 models we are using consists of the following: it 
is assumed that there is a reservoir of primordial gas that feeds the "galaxy". The galaxy 
forms stars with a rate ip{t) = {Mgas{t) ■ P2 ■ e~*/*^)/ti, and we follow the evolution of the 
model galaxy in the luminosity-metallicity diagram as a function of time. The model galaxy 
is treated as a single zone with uniform chemical composition and without outflow. This 
oversimplification is appropriate to get a basic understanding of how fundamental parame- 
ters, such as SFR and gas supply, roughly affect galaxy properties such as luminosity and 
metallicity. 

We stress that we do not assign any particular physical significance to these models, 
but simply use them as means to explore reasonable possibilities. By varying the parameters 
we can get an understanding of how different evolutionary histories are represented in the 
[0/H]-Mb plane. 

4.3. Constraints on the chemical evolution of galaxies 

We constructed a large grid of Pegase2 models to explore which region of the 
parameter space could reproduce the constraints imposed by the local metallicity-luminosity 
relation and by the metallicities and luminosities of galaxies at higher redshifts. To build the 
grid, we varied ti (in Gyrs), p2 (dimensionless) , tinfaii (in Gyrs), and Mtot (in solar masses). 
Fig. 7 shows the relation between the gas abundance 12-|-log(0/H) versus the absolute B 
magnitude (in the AB system) for a set of different illustrative models in the grid. In the 
figiuc, the symbols along each track indicate the age of the model galaxy, varying from 1 to 
13 Gyrs from bottom to top of each track. With reference to the figure the following should 
be noted: 

(i) Models with short Unfaii and Unfaii << ti in Fig. 7 (e.g., Unfaii = 1 and h = 8) are models 
in which the mass of gas in the reservoir of gas is transferred to the galaxy in a short time, 
after which the gas infall practically stops, resulting in gas rich galaxies at early times. The 
galaxy subsequently forms stars in a roughly "closed-box" -like scenario. 

(a) Increasing Unfaii (but still keeping Unfaii < h, e.g., Unfaii = 4 and ti = 8) results in 
models in which the galaxy reaches a high metallicity at early times. Ultimately, models 
with ti = tinfaii reach their end metallicity after ~ 1 Gyr, and afterwards their metallicity 
remains approximately constant while the luminosity decreases. This results in an almost 
horizontal evolution in the luminosity-metallicity diagram with [0/H] effectively constant 
over a long period of time. 

(in) Varying M^ot results in an horizontal shift of the models as shown in Fig. 7 for two 
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typical masses {Mtot = 2.5 x lO^^M©, and Mtot = 1-6 x 10^°Mq). 

Searching for Pegase2 models consistent with the observed metaUicities and lumi- 
nosities of galaxies, we notice a constraint for the models given by the observed properties 
of local galaxies: the evolution of the model galaxies in the metallicity-luminosity diagram, 
following the Pegase2 tracks, has to lead to the region occupied by local galaxies today. If 
galaxies started at very high z they get in the region of the metallicity-luminosity relation 
today after about ISGyrs. But they could get there at younger ages if they started their 
evolution well after the Big Bang (see below). 

The existence of relatively high luminosity galaxies with relatively low metaUicities 
implies that the horizontal "constant-metallicities" models described in (ii) are unlikely. 
These galaxies would have to fade too much following the horizontal models (ii) to reach the 
local metallicity-luminosity relation: e.g., in Paper II in Sections 4.1 and 4.2 it was discussed 
that it is unlikely that CFRS galaxies can fade by more than 2.5 mag to the present epoch. 

Thus, a key point seen in Fig. 7 is that galaxies which are observed far from the local 
luminosity-metallicity relation (i.e., with much lower metaUicities) need to have young ages 
(i.e., be near the start of their evolutionary track) and to follow a "closed-box" -like model (see 
(i) above) in order to reach the region of the luminosity-metallicity relation of galaxies today, 
by moving vertically or diagonally and not horizontally, because they need a substantial 
increase in [0/H]. 

In the following, we adopt a representative set of Pcgase2 models to discuss the 
chemical evolution of galaxies from z ~ 1.4 to today. Specifically, we will use models 
with fixed ti — 8Gyrs and Unfaii — 1 Gyr, and different Mtot and p2- These models are 
highhghted in Fig. 7 by gray/red lines and filled symbols, and reported in Fig. 8. The selected 
models have a range of parameters from M^t = 2.5 x IO^^Mq, P2 — 1 (right in Fig. 8), to 
Mtot = 5.8 X 10^ Mq and = 0.3 (left). 

We are not so much interested in precise quantitative arguments, but rather in under- 
standing the qualitative behaviour. Given the global model properties discussed above, the 
specific choice of models in Figs. 8 and 9 should not affect the general conclusions we draw 
below. 



4.4. Results from the comparison of Pegase2 models and observations 

In order to discuss the evolution of the metal abundance of the star forming gas in 
galaxies from z = to z ~ 1.5, we compare the Pegase2 models discussed above with the 
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observed luminosities and metallicities of the five 2; ~ 1.4 galaxies in Fig. 8. Included in the 
figure are also the intermediate redshift CFRS galaxies, and the location of local KISS and 
NFGS galaxies hsted in Section 2.2. 

It is quite noticeable that there is an age-redshift relation along a given Pegase2 track. 
For example, despite the large scatter, the bright, Mb,ab < —19.5, z ~ 1.4 galaxies (black 
filled squares) appear to be "younger" than 0.7 < ^ < 0.9 galaxies (red filled squares) in 
the sense that they lie towards the beginning of the luminosity-metallicity track. The latter 
appear in turn to be on average "younger" than most 0.5 < z < 0.7 galaxies (green filled 
squares) which themselves actually overlap significantly on the diagram with the metallicity- 
luminosity relation traced by nearby galaxies. The tracks of the Pegase2 models suggest 
that the bright star forming z ~ 1.4 galaxies are likely to evolve into the population of less 
luminous but nonetheless rather massive, metal-rich galaxies that appear in the 0.5 < z < 0.9 
galaxy population. The observation of this age-redshift effect is not surprising, and indeed 
is reassuring! 

Subsequent evolution along the Pegase2 model tracks allows us to speculate about 
what are specifically the z — descendants of the intermediate- 2; galaxies that we are 
studying. On the [0/H] vs. Mb,ab plane at redshift zero these appear to be massive disk 
galaxies. The observed /-band HST morphologies of our z > 0.5 galaxies cover a wide range, 
with some galaxies having a very compact appearance, and others being extended objects, 
including regular disks (see Paper II). These morphologies are expected to describe well the 
distribution of the star forming gas, as they picture the 2; ~ 1 galaxies in approximately the 
rest-frame 5-band, where recent star formation dominates the light emission. We therefore 
suspect that the metal-enriched reservoirs of star forming gas that we are studying in this 
paper are being mostly consumed to build up both the disk and the bulge components of 
spiral galaxies. This interpretation is in agreement with other studies which argue for a 
substantial build up of stellar mass in disks (see, e.g., Lilly et al. 1998) and bulges (see, e.g., 
CaroUo et al. 1997, 1998; CaroUo 1999; CaroUo et al. 2001, 2002) at intermediate epochs. 

Adding the low luminosity CADIS galaxies from Maier et al. (2004) to the metaUicity- 
luminosity diagram (Fig. 9), we note an interesting fact: the rate of evolution of galaxies along 
their tracks appears to depend on luminosity (mass). What we mean by this is as follows: At 
the lookback time of about 6Gyrs {z ~ 0.6) at which a significant fraction of more massive 
Mb,ab ^ —20 galaxies are still close to the zero redshift mctallicity-luminosity relation, the 
lower luminosity (lower mass) objects at Mb^ab ^ —19 sampled by CADIS are already quite 
far from the local metallicity-luminosity. Moreover, the metallicity-luminosity relation of 
the combined CADIS-I-CFRS 0.4 < 2; < 0.7 sample (green solid line) shows a change in 
slope compared to the local metallicity-luminosity relation, in the sense that the offset in 
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metallicity between 2; ~ and 0.4 < z < 0.7 is larger at lower luminosity than at higher 
luminosity. This may be due to the fact that lower luminosity (mass) galaxies began their 
most rapid evolution later than high luminosity (mass) galaxies, as also suggested by the 
Pegase2 models (see also Kobulnicky et al. 2003). As we look back further in time, we find 
signs for departures from the z = metallicity-luminosity relation occuring at progessively 
higher luminosities (or masses). 

It is important to address possible selection effects in Figs. 8 and 9. In particular, there 
is no observational reason why the 2; ~ 1.4 galaxies could not have had [0/H] ~ 9 , nor why 
the most luminous CFRS objects could not have had [0/H] ~ 8.5. As noted earlier, the 
CADIS sample may be somewhat biased towards lower [0/H] by the [0111] selection. 

To further clarify the effects seen in Fig. 9, one can see that there are (broadly speaking) 
the signatures of the "downsizing" effect described in Section 4.1 in the sense that: (a) at 
z < 0.7 (green symbols) nearly all galaxies with Mb,ab ^ —20 are fairly close to the low-z 
[0/H]-Ms relation (there being one obvious exception); (b) at 0.7 < 2; < 0.9, this is true 
only for Mb,ab ^ —21.3; and (c) at 2; ~ 1.4 even the most luminous galaxies are evolved off 
of the low redshift [O/RI-Mb^ab relation. 

However, it should be noted that the samples of galaxies at 0.5 < z < 0.9 and z ~ 1.4 and 
the range in luminosities (particularly for z > 0.7) are both quite small and somewhat hetero- 
geneously selected. Therefore, additional measurements of metaUicities at 2; > 0.5 of larger 
samples of galaxies are required to establish a change of the slope of the metalicity- luminosity 
relation at these redshifts, as indicated by the analysis of the metallicity-luminosity relation 
of our rather small sample. This could provide more direct evidence for a "downsizing" 
scenario. 



5. Conclusions 

The metallicity of the star forming gas has been measured for five galaxies at 2; ~ 
1.4 using new near-infrared VLT-ISAAC spectroscopy in the H- and J-band, and already 
available measurements of the emission line fiux of the [O II] A 3727 line, by which the galaxies 
were selected. Using the measurements of [O II] A 3727, B.j3, [O HI] A 5007, Ha, and upper 
limits for [N II] A 6584 it was possible to determine the extinction, oxygen abundances, and 
extinction corrected star forming rates for these luminous {Mb,ab < —21.5) galaxies. The 
comparison between Pegase2 chemical evolution models, and the observed properties of 
galaxies at 2; ~ 1.4, CFRS galaxies at 0.5 < 2; < 0.9, lower luminosity CADIS galaxies at 
0.4 < 2; < 0.7, and more luminous Lyman Break Galaxies (LBGs) at 2; ~ 3.1, lead us to the 



-16- 



foUowing conclusions: 

1. The source of gas ionisation in the five z ~ 1.4 galaxies for which we measured oxygen 
abundances is not associated with AGN activity, as derived from the log([OIII] A5007/H/?) 
versus log([NII] A6584/Hq;) diagnostic diagram. 

2. All the z ~ 1.4 galaxies have the high [O III] A 5007/[O 11] A 3727 and [O 111] A 5007/H/5 
line ratios which are typical of the lower luminosity intermediate-^ CADIS galaxies (al- 
though it should be noted that CADIS is [Olllj-selected and may be slightly biased towards 
high [OIII]/[OII]) and of the more luminous LBGs at higher z. This is in contrast with 
the bright, intermediate- 2; CFRS galaxies, which show low [OIII] A5007/[OII] A3727 and 
[O III] A 5007/H/3 ratios. The basic trends in our data are consistent with a "downsizing" pic- 
ture in the sense that a given type of spectrum (high [O 111] A 5007/ [O 11] A 3727) is found al- 
most exclusively below a luminosity threshold which is low at zero redshift [Mb.ab ~ —18.5), 
increases to Mb,ab ~ —20.5 at 2; ~ 0.7, and has evidently increased to above Mb,ab ^ —23 
at 2; ~ 1.4. 

3. Analysis of a set of Pegase2 models has shown that galaxies which are observed far 
from the local luminosity-metallicity relation (i.e., with much lower metallicities) need to 
have young ages (i.e., be near the start of their evolutionary track) and to follow a roughly 
"closed-box" -hke model to reach the region of the luminosity-metallicity relation of galaxies 
today. 

4. There is an agc-rcdshift relation along a given Pcgasc2 track. The bright, Mb.ab < 
— 19.5, z ~ 1.4 galaxies appear to be "younger" than 0.7 < z < 0.9 galaxies, and the latter 
appear in turn to be on average "younger" than most 0.5 < 2; < 0.7 galaxies. The tracks of 
the Pegase2 models suggest that the bright star forming 2; ~ 1.4 galaxies are likely to evolve 
into the population of relatively less luminous but nonetheless rather massive, metal-rich 
galaxies that appear in the 0.5 < 2 < 0.9 galaxy population. 

5. Interestingly, the rate of evolution of a galaxy along its track appears to depend on 
luminosity (mass). As we look back in time, we find indications for departures from the 
local metallicity- luminosity relation occuring at progessively higher luminosities (or masses) . 
This provides further support for a "downsizing" picture of galaxy formation, at least from 
2 ~ 1.4 to today. 

We would like to thank the anonymous referee for his or her suggestions and comments. 
CM. acknowledges support from the Swiss National Science Foundation. 
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Fig. 1. — The near-infrared spectra of the five z ^ lA galaxies showing HP and [O III] A 5007 from J-band 
spectra (left panel), and Ha from H-band spectra (right panel). The location of the respective emission line 
is shown by vertical dashed lines. Note that the H/3 line of CADIS-Olh-11134 coincides with a strong OH 
sky line, so the respective flux could not be measured. 
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Fig. 2. — Line equivalent widths (EWs) at rest wavelength versus absolute blue magnitude for the 0.4 < 
z < 0.7 CADIS galaxies and 0.47 < z < 0.92 CFRS galaxies in our comparison samples, and for the z ^ lA 
galaxies. The distribution of the EWs of CADIS objects is consistent with the EW distribution of the CFRS 
sample and z ^ lA galaxies, except three CADIS objects at z ~ 0.4 with particular high equivalent widths 
(open circles), which are excluded from the comparison sample for the further discussion. 
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log([NII]/Ha) 

Fig. 3. — Diagnostic diagram to disentangle star- formation dominated galaxies from AGNs. The position 
of the five galaxies at z 1.4 is shown by the arrows, since only upper limits for [Nil] A 6584 could be 
derived. Also plotted are the 30 0.47 < z < 0.92 CFRS galaxies of Paper III (filled squares), 108 local 
NFGS galaxies from Jansen et al. (2000, filled circles), and 70 local KISS galaxies from Melbourne & Salzer 
(2002, open triangles). All the plotted galaxies, including the z ^ lA galaxies, lie below the solid hne, i.e., 
the theoretical threshold computed by Kewley et al. (2001) above and to the right of which galaxies are 
dominated by an AGN. In all plotted galaxies the emission is thus dominated by star formation. 



-23- 



100 



~i 1 — I — I — I — I — I — 1~ 



:A z=3 LBGs 

-■ z=1.4 galaxies 

"□ CFRS 0.5<z<0.9 

X CADIS 0.4<z<0.7 



10 



~i 1 1 1 — I — r 



X 



1 



0.1 



□ 



□ 

□ 



□ 



□ n 



□ 



□ 
□ 



□ 
□ □ 
□ 



X 



□< A 



□ □ 

xi< 



□ 
□ 



0.01 



_] I I I I I L 



_l I I I I L_ 



0.1 



[OIII]/H/S 



10 



Fig. 4. — Line ratios [O III] A 5007/ [O II] A 3727 vs. [O III] A 5007/H/3 for the z - 1.4 galaxies (solid 
squares). Also plotted are the 30 0.47 < z < 0.92 bright CFRS galaxies (open squares), the 0.4 < z < 0.7 
CADIS galaxies of Maier et al. (2004, crosses), and the z ^ 2> LBGs galaxies (open triangles). The five 
z ^ 1.4 galaxies have the high [O III] A 5007/[O II] A 3727 ratios that are typical of the lower luminosity 
CADIS galaxies and of the more luminous higher-2 LBGs. 
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Fig. 5. — [O III] A 5007/[O II] A 3727 vs. Mb^ab for galaxies at < z < 1.5 with symbols as in Fig. 4, with 
additional plotted local KISS (open circles) and NFGS (dots) galaxies. The basic trends in our data are 
consistent with a "downsizing" picture (Cowie et al. 1996) in the sense that a given type of spectrum (high 
[O III] A 5007/ [O II] A 3727) are found almost exclusively below a luminosity threshold which is low at zero 
redshift {Mb,ab ~ —18.5), increases to Mb,ab ~ —20.5 at z ~ 0.7, and has evidently increased to above 
Mb,ab 23 at ~ 1.4. 



-25- 



9.4 



9.2 



8.8 

^ 8.6 

X 

\ 
o 

^ 8.4 
8.2 
8 
7.8 

7.6 



-1 I I I I I I I I I I I I I I I I I r 



□ 
X 



□ 



□ 



□ □ □ n 



□ 



□ □ □ 

□ 



X 



□ 



□ 



□ 



_] L 



z=1.4 galaxies 
CFRS 0.5<z<0.9 
CADIS 0.4<z<0.7 

I I L 



□ 



X 



X 



_L 



□ 



J I I I L 



X 



6.6 



6.8 



7.2 



7.4 



7.6 
log(q) 



7.8 



8.2 



8.4 



8.6 



Fig. 6. — Oxygen abundance vs. ionisation parameter for galaxies at < z < 1.5 with symbols as in Fig. 4. 
The z ~ 1.4 galaxies overlap in q and [0/H] the CADIS objects, and avoid the area defined by the more 
luminous CFRS galaxies with lower q and higher [0/H], showing that the high [O III] A 5007/ [Oil] A 3727 
ratios shown in Fig. 5 arise from either or both high ionisation parameter q and low metallicities. 




Fig. 7. — Several Pegase2 models for different ti, p2, tinfaii, and Mtot, compared to the local metallicity- 
luminosity relation. The nearby NFGS and KISS galaxies have oxygen abundances lying between the dashed 
lines (with the solid and dotted lines indicating the mean local relation for NFGS and KISS galaxies, respec- 
tively) . 
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Fig. 8. — Oxygen abundance vs. Mb.ab for the z ^ 1.4 galaxies of our sample (black filled squares). 
Plotted are also the CFRS galaxies, split in two rcdshift bins: CFRS galaxies at 0.5 < z < 0.7 are plotted 
as green filled squares, while CFRS galaxies at 0.7 < z < 0.9 are plotted as red filled squares. Open squares 
are the alternative (but less probable) oxygen abundance solutions, as discussed in Section 3.3 and Fig. 4 of 
Paper III. The nearby NFGS and KISS galaxies have [0/H] lying between the dashed lines (with the solid 
and dotted lines indicating the mean local relation for NFGS and KISS galaxies, respectively). All oxygen 
abundances were uniformly measured using the code based on KD02 models. The tracks show a subset of 
theoretical Pegase2 models which are consistent with the local metallicity- luminosity relation (see text). 
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Fig. 9. — Same as Fig. 8, but with additional plotted lower luminosity CADIS galaxies (green filled circles), 
and LBGs galaxies at z ^ 3.1. The location of bright galaxies at z ~ 3.1 is shown as a box encompassing 
the range of Mb,ab and [0/H] (without breaking the R23 degeneracy) derived for these objects from Fig. 7 
in Pettini et al. (2001), which takes also into account the metallicities derived by Kobulnicky & Koo (2000) 
for 2; 3.1 objects. Open squares and circles are alternative (but less probable) oxygen abundance solutions 
for some galaxies, as discussed in Section 3.3 and Fig. 4 of Paper III. 
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Table 1: VLT-ISAAC spectroscopic observations of tlie five z ~ 1.4 galaxies 



# 


Filter 




Night 


Seeing 


Telluric Standard^ 


CFRS-221153 


H 


1200 


Oct 03/04 2004 


1".0 


Hipl01505 


CFRS-221153 


H 


1200 


Oct 06/07 2004 


1".0 


Hipl00881 


CFRS-221153 


J 


3600 


Oct 04/05 2004 


0".8 


Hip094653 


CFRS-221153 


J 


5400 


Oct 06/07 2004 


1".2 


Hipl00881 


LTBC-18A 


H 


1800 


Oct 05/06 2004 


1".2 


Hip000183 


LTBC-18A 


J 


5400 


Oct 05/06 2004 


1".2 


Hip000183 


LTBC-18B 


H 


2000 


Oct 03/04 2004 


1".3 


Hipl09332 


LTBC-18B 


H 


1800 


Oct 05/06 2004 


1".2 


Hip000183 


LTBC-18B 


J 


6000 


Oct 03/04 2004 


1".4 


Hipl09332 


LTBC-18B 


J 


5400 


Oct 05/06 2004 


1".2 


Hip000183 


CADIS-23h-3487 


H 


1800 


Oct 06/07 2004 


1".0 


Hipl00881 


CADIS-23h-3487 


J 


5400 


Oct 06/07 2004 


1".0 


Hipl00881 


CADIS-Olh-11134 


H 


1200 


Oct 08/09 2004 


0".9 


Hipl08975 


CADIS-Olh-11134 


J 


1200 


Oct 08/09 2004 


0".9 


Hipl08975 



■Hip" denotes the Hipparcos catalogue from which the tehuric standards were selected. 



Table 2. Observed and derived quantities for the five 2; ~ 1.4 galaxies 



Xr 




R 


A. 


DEC 




z 


;oir" 


CFRS-221153 


22 


17 


40.60 


+00 


18 


21.82 


-22.31 


1.313 


20+2.0 


LTBC-18A 


22 


17 


40.29 


+00 


20 


20.60 


-21.59 


1.445 


4.3+0.4 


LTBC-18B 


22 


17 


40.15 


+00 


20 


19.10 


-21.51 


1.446 


7.4+0.7 


CADIS-23h-3487 


23 


15 


28.63 


+11 


23 


13.54 


-22.29 


1.440 


12+1.2 


CADIS-Olh-11134 


01 


47 


33.37 


+02 


22 


12.90 


-23.05 


1.470 


15+1.5 



iiJ" [oiii]^"' iin" ;mi]^''' ,V\ sft; [o/ii] 

11+1.0 30+3.0 34+3.0 < 3 0.26tgi^ 33.04+^^31^ 8.1ltj;;}^ 

4+0.8 14+1.4 13+1.2 < 1.5 0.23t^J^ 15.671^:^^ {^■T^)to%'^ 

3+0.6 9 +0.9 7 +0.7 < 0.7 Omt^^H 1.17^1^2 8.39t|^;i^ 

7+0.7 27+2.5 17+1.5 < 2 0.00t[J;oo 17.23ti;?2 (8-65);o:?5'^ 

15+1.5 (14+1.4)'^ 32+3.2 39+3.5 < 3 0.39tg;3^^ 54.98^1^:5^'^ 7.97tg i^^ 



"^Fluxes are given in 10~^'^ergss~^cm~^ 

''For [N II] A 6584 2cr upper limits for the emission line flux are given 

'^H/? of this object coincides with a strong OH sky line, so the respective flux could not be measured. However, we derived the H/3 flux for 

this galaxy assuming Ay = 0.5 and case B recombination, as discussed in the text. I 

00 

'^Alternative (but less probable) oxygen abundances found using the method described in Section 3.3 and Fig. 4 of Paper HI are [O/H]=8.02+Q'Jy '~' 

^+0.16 



for object LTBC-18A, and [0/H]=8.34t^;i^ for object CADIS-23h-3487. 



I 



